Background: Parkinson's disease (PD) motor symptoms can fluctuate and may not be accurately reflected during a clinical evaluation. In addition, access to movement disorder specialists is limited for many people with PD. The objective of this study was to assess the impact of motion sensor-based telehealth diagnostics on PD clinical care and management. Methods: Eighteen adults with PD were randomized to control or experimental groups. All participants were instructed to use a motion sensor-based monitoring system at home 1 day per week for 7 months. The system included a finger-worn motion sensor and tablet-based software interface that guided patients through tasks to quantify tremor, bradykinesia, and dyskinesia. Data were processed into motor symptom severity reports, which were reviewed by a movement disorder neurologist for the experimental group participants. After 3 months and 6 months, the control group participants visited the clinic for a routine appointment, while the experimental group participants had a videoconference or phone call instead. Results: Homebased assessments were completed with a median compliance of 95.7%. For a subset of participants, the neurologist successfully used information in the reports, such as quantified responses to treatment or progression over time, to make therapy adjustments. Changes in clinical characteristics from study start to end were not significantly different between the groups. Discussion: Individuals with PD were able and willing to use remote monitoring tech-
Introduction
Management of Parkinson's disease (PD) symptoms by a neurologist or movement disorder specialist helps maintain a high standard of care; however, access is limited for a significant proportion of this patient population [1] . Telehealth technologies that improve access for patients can have a significant impact on equity, accessibility, and management for patients in rural and remote communities or those unable to travel [2] [3] [4] [5] [6] [7] [8] . Clinicians typically use rating scales such as the Unified Parkinson's Disease Rating Scale (UPDRS) [9] to evaluate and fine-tune therapeutic interventions for PD. However, such assessments require access to well-trained clinicians, which can limit effective symptom management for many PD patients [10] . In addition, rating scales only obtain an infrequent snapshot of symptoms in an artificial clinical environment.
Telehealth technologies for PD include tools for objective ratings of symptoms (e.g., motion sensors or surface electromyography) and systems for remote communications with healthcare providers (e.g., videoconferencing) [11] . A number of research and commercial systems have been developed to obtain accurate and objective measures of PD symptoms including tremor, bradykinesia, gait, speech, and dyskinesia [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Wearable sensors can provide high temporal and spatial resolution, which can be beneficial for capturing symptoms that change over time. Studies have shown a high acceptance and usage compliance of wearable sensors by individuals with PD [26] [27] [28] . A recent study demonstrated that homebased motor monitoring can provide cost-effective clinical information and help enhance care for patients with advanced PD [6] . Likewise, studies have shown live videoconferencing may be able to provide similar clinical benefit to in-person care for patients with PD [3, [29] [30] [31] .
The goals of this study were to assess and evaluate the impact of a telehealth system that includes objective home-based motor assessment, clinically validated motor symptom quantification algorithms, color-coded symptom reporting, and live videoconferencing with a clinician.
Methods
We conducted a 7-month randomized study of individuals with PD clinically diagnosed by a movement disorder specialist. Individuals were primarily recruited from the movement disorder clinic at the University of Rochester Medical Center with supplemental recruitment occurring from local PD clinics in the Western New York region. Eligible study participants were required to have a score >22 on the Montreal Cognitive Assessment (MoCA) scale [32] and could not have or be scheduled to receive deep brain stimulation surgery during their enrollment in the study. The study was reviewed and approved by the Institutional Review Board at the University of Rochester and completed in accordance with the Declaration of Helsinki. All participants provided signed informed consent prior to enrollment.
During a baseline visit, all participants were randomized to control or experimental groups and completed a series of questionnaires including the 39-item Parkinson's Disease Questionnaire (PDQ-39) [33] , the Patient Assessment of Chronic Illness Care (PACIC) [34] , and the 13-item Patient Activation Measure (PAM-13) [35] . A neurologist (K.L.A.) at the University of Rochester, blinded to group assignment, performed an MDS-UPDRS evaluation. Each participant then had an initial evaluation with the treating neurologist (M.A.B.). Responses to all questionnaires and storage of all study-related data were managed using secure, web-based REDCap electronic data capture tools hosted at the University of Rochester [36] .
At the conclusion of the baseline visit, all participants were provided with, trained on, and instructed to use an objective motion sensor-based monitoring system (Kinesia TM , Great Lakes NeuroTechnologies Inc., Cleveland, OH, USA) at home 1 day per week for 7 months to perform motion sensor-based motor assessments. The system included a wireless fingerworn motion sensor and touchscreen tablet interface that guided patients through standardized tasks to quantify PD motor features. On the assessment day, the system alerted the participant to perform a motor assessment 6 times per day, 2 h apart, beginning in the morning before taking any PD medication. The Kinesia systems were programmed to instruct the participant to wear the motion sensor on the index finger of the hand on the more parkinsonian side and guide the participant through the motor assessment. For this study, each motor assessment consisted of 15 s of arms resting to evaluate resting tremor and dyskinesias, 15 s of arms extended to evaluate postural tremor and dyskinesias, and 15 s of repetitive finger tapping to evaluate bradykinesia (speed), hypokinesia (amplitude), and dysrhythmia (rhythm). Motion data from the sensor were uploaded via mobile broadband to a secure cloud server for processing into 0-4 scores previously shown to be highly correlated with clinician ratings [12, 14, 17] and responsive to therapy changes [37, 38] . Compliance in using the Kinesia system at home was defined as the percentage of weeks a participant completed at least 6 Kinesia assessments on at least 1 day during the week.
All participants used the system to avoid placebo effects; however, the treating neurologist was given access via a web-interface to view motor symptom severity reports solely for individuals in the experimental group. The reports displayed color-coded motor symptom severities throughout the day as well as the daily averages and standard deviations. The neurologist used these reports to aid in therapy management decisions. Participants in the control group returned to the clinic after 3 months and again after 6 months for a routine appointment. Instead of visiting the clinic, individuals in the experimental group teleconferenced (videoconference or phone call) with the neurologist after 3 and 6 months. At the start of the study, videoconferencing was integrated in the Kinesia platform; however, this feature was removed about midway through the study due to various technical problems including institutional firewalls, mobile broadband connectivity at participants' homes, and difficulties in maintaining videoconferencing software integrated in the Kinesia platform, after which phone calls were used instead. All patient-provider communications and therapy changes were documented. After month 7, all participants returned to the clinic and completed the same questionnaires and assessments completed during the baseline visit as well as a questionnaire on the usability of the Kinesia system.
Compliance, time spent with the neurologist, UPDRS scores, patient questionnaire responses, and Kinesia metrics were examined as outcome measures. Nonparametric tests were used for statistical analyses since normality could not be assumed based on the small sample size. Within-group comparisons of metrics from study start to end were performed using a Wilcoxon signed-rank test, whereas comparisons between the two groups were performed using a Mann-Whitney U test. Kinesia metrics for the study start and end were computed separately for each symptom using outputs from the home-based motor assessments. The study start included average scores from the first 5 weeks of assessments, whereas the study end included average scores from the final 5 weeks. These assessments were performed 1 day per week, 6 times per day; however, the first assessment in the morning each www.karger.com/dib © 2017 The Author(s). Published by S. Karger AG, Basel DOI: 10.1159/000475801 day was excluded from the averages, as it occurred before the individual had taken PD-related medication.
Finally, exploratory analyses examined information the neurologist gained from the motor symptom severity reports and if Kinesia could capture symptomatic changes in response to changes in medication. For participants' whose dopaminergic medication dosage was changed during the study, Kinesia metrics were correlated with a change in daily levodopa dose.
Results
Twenty-one adults were screened and 18 enrolled and randomized to control or experimental groups (Table 1) . UPDRS scores, participant questionnaire responses, and Kinesia metrics were not significantly different between the groups at the start of the study (p > 0.05).
Time spent with the neurologist during the 3-and 6-month "visits" (in-person for the control group, videoconference or phone call for the experimental group) was significantly less for the experimental group than for the control group (29-45 min vs. 40-65 min [interquartile range], p < 0.05). Table 2 shows changes from the study start to study end for UPDRS scores, patient questionnaires, and Kinesia metrics. The only outcome measure that changed during the 7-month study was bradykinesia, as measured by Kinesia, which improved for individuals in the experimental group (p = 0.01, Wilcoxon signed-rank test). However, this change would not be considered significant when correcting for multiple comparisons and was not significant compared to improvement in the control group (p = 0.09, Mann-Whitney U test). None of the other Kinesia metrics, UPDRS scores, or questionnaire responses changed significantly during the study nor were there any significant differences in changes between the groups. Even though there were no significant clinometric differences between the groups, the neurologist successfully used information in the motor symptom severity reports that was not otherwise observed (e.g., levodopa responsiveness, symptoms worsening over time) to make therapy adjustments for 2 patients in the experimental group. Figure 1 shows how a report revealed a patient to be responsive to levodopa, prompting the neurologist to escalate therapy. In another instance, the reports for a young-onset patient only taking a dopamine agonist revealed symptoms to be worsening, prompting the neurologist to recommend initiating levodopa therapy. In addition to evaluating the impact of motion sensor-based telehealth diagnostics on patients with PD, we investigated if Kinesia could capture symptomatic changes in response to changes in medication. Dopaminergic medication dosage was changed during the 7-month study for 9 of the 18 study participants (4 in the experimental group and 5 in the control group). For those individuals, improvement in finger-tapping speed (bradykinesia), as measured by Kinesia, correlated with increasing daily levodopa dose (r = -0.68, p = 0.04); however, there was no significant correlation between change in dyskinesia severity and change in daily levodopa dose (Fig. 2) .
Median compliance in using the Kinesia system at home was 95.7% with an interquartile range of 77.2-99.2%. Seventeen of the 18 participants completed the Kinesia usability questionnaire. Responses to questions regarding overall system use are summarized in Table 3 .
Discussion
In this study, individuals with PD were able and willing to use the remote monitoring technology as evidenced by the high compliance and usability questionnaire responses. The motor symptom severity reports effectively depicted symptom severities throughout the day in response to therapy and, for a subset of participants, provided actionable information to help the treating neurologist make informed therapy decisions (e.g., Fig. 1 ). Experience from this pilot study suggests remote monitoring will be most useful for PD patients with specific characteristics, such as individuals whose symptoms fluctuate throughout the day or those who respond to medication in a manner not observed during a clinical visit.
In addition to helping guide therapy adjustments, data captured by the remote monitoring technology showed that increases in levodopa dose correlated with improvements in bradykinesia without causing an increase in dyskinesia (Fig. 2) . This suggests that medication changes were in an appropriate therapeutic range. Determining if the availability of objective evidence on how patients respond can increase clinical confidence in recommending therapy changes is a testable hypothesis worthy of further investigation.
This study was exploratory and not powered to detect differences between the groups, so it is not unexpected that none of the outcome measures were significantly different between the groups. However, the lack of required travel to the clinic and significant reduction in clinician time spent with patients, while still maintaining similar outcomes between the groups, is an important result. This has the potential to reduce healthcare costs and expand care access for patients who live far from movement disorder specialists. Future controlled studies, powered to detect changes in clinical metrics, will be necessary to assess if telehealth technologies improve, rather than simply maintain, patient outcomes in addition to reducing costs and patient/clinician burden.
A limitation of this study was that the experimental group's patient-clinician teleconferences were switched from videoconferences to phone calls about halfway through the study due to technical difficulties as described in the Methods section. As secure videoconferencing between patients and clinicians becomes more mainstream, it may be more practical to use third-party videoconferencing software tools alongside sensor-based assessment, rather than rely on a single system that excels at both. Other limitations include this being a singlecenter study with a relatively small sample size and the exclusion of patients with dementia. Still, the results from this pilot study could be useful for sample size calculations for largerscale multicenter studies in the future.
The Kinesia system used in this study included assessment of specific symptoms during predefined tasks rather than during spontaneous, unrestricted activities. The integration of additional sensors to measure parameters relating to gait, balance, posture, rigidity, speech, facial expression, etc., during daily activities could potentially provide a more complete picture of the patient in their natural environment. However, we must be careful to avoid using too many sensors, as they may interfere with activities, increase the burden on patients, and reduce compliance [11] . Likewise, clinicians may be less inclined to use telemedicine technologies if they must sort through large amounts of data requiring complex interpretation.
Consumer wearables linked with smartphone apps are becoming more and more common, as individuals are increasingly interested in monitoring their own health. Although this study did not include showing participants their own remotely collected data, future in-home monitoring systems will likely include patient-facing reports to encourage patient engagement. Providing patients with feedback on how their symptoms respond to therapy adjustments may make patients feel more empowered in their disease management and increase therapy compliance. Telehealth technologies including wearable sensors have the potential to reduce costs and improve care for disparate PD populations or those unable to travel.
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